The spatial pattern and evolution of urban system have been hot research issues in the field of urban research. In this paper, the network analysis method based on the gravity model and the related measurements were used to reveal the properties of the spatial pattern and evolution of the urban system in the HRB (Huaihe River Basin) of China. The findings of this study are as follows: During the period from 2006 to 2014, the economic contact between the HRB cities has been strengthened, but the differences between cities have been expanding. In general, the HRB cities have not yet formed a close network structure, and a trend of economic integration has not been found. This paper expresses the spatial pattern and evolution of urban system in an intuitive way and helps to explain the evolution mechanism of urban system. The method was confirmed by empirical research. Because of the operational and visual expression, this method has broad application prospects in the urban system research.
Introduction
The spatial pattern and evolution of urban system are important manifestations of the human social development process on a spatial level [1] , which reflects the change in the human social spatial structure and reveals the spatial patterns of the overall behavior of human society. These changes and their patterns are the foundations for the research of the sustainable development of human society [2] .
Six super-large urban agglomerations have been formed in mainland China: Shanghai-Nanjing-Hangzhou, BeijingTianjin-Tangshan, Pearl River Delta, the central and southern Liaoning Province, Sichuan Basin, and Shandong Peninsula. Six city-and-town-concentrated areas (approximate to urban agglomeration) have also been formed: Central Shanxi Province, Central Hunan Province, Central Plains, 2 Discrete Dynamics in Nature and Society systematic dynamics [12] have been used to describe spatial expansion of cities. The growth of urban systems is also influenced by the scale of urban space, traffic network, and complexity of the terrain [13] [14] [15] . A mechanism for the growth of the city has been proposed [16] but modeling the spatial and temporal dynamics of urban formation and evolution remains difficult [17] . Urban systems evolution mainly includes changes in two aspects: land use pattern and system structure [18] . The gravity model has been widely applied in this field. Based on graph theory, large scale analysis has demonstrated that the spatial structure of urban system becomes increasingly effective and stable with increased complexity and more favorable to the sustainable development of the urban system [19] .
The formation of urban agglomeration is not only connected with geographical location and distribution of the city but also relevant to the economy and social culture [20] ; the cross-border movement of capital, information, products, talented people, and technology is the notable feature of regional economic development [21, 22] .
From previous literature, we know that network analysis can be used to analyze resource exchange and relation between actors (i.e., individuals, groups, cities, etc.) [23] . Because of this characteristic, network analysis has a great contribution in the field of information exchange [24] , group behavior research, and other fields [25, 26] . However, although network analysis has received great concern in regional economics since the last century [27] , only in recent years whole network analysis has been used to study regional economic network structures [28] [29] [30] . The method of whole network analysis could be used to study the relationship, especially economic contact, among cities.
Currently, the main focus of whole network urban system is on explicit urban networks (i.e., traffic networks [14, 19] ) or the ranking of urban system centers, but there is a lack of dynamic and visual expression on internal membership in urban system [31] . The distinction between an urban system, as a specific geographical cluster, and a city is its complex interactions and connections among network members. Therefore, the internal connection of urban system should be multilateral, interactive, and networked [32] .
These studies provide a method foundation for understanding the urban systems evolution. Our goal was to explain the urban system structure based on temporal and spatial evolution and use this to reconstruct the timelines of spatial patterns of regional urban system. Accordingly, in this paper, a modified gravity model is used to construct the network with the location, scale, and economic level data of the HRB cities, and the method of whole network analysis is used to study the urban network structure and the relationships among cities.
Theories and Methods

Gravity Model.
The gravity model is based on the formula of universal gravitation:
which describes the interaction between the two masses M 1 and M 2 of objects, where d is the distance between the two objects and G is the universal gravitation constant.
Similar to the interaction between objects, there is also a relationship between cities in a certain area; in economics, this is called economic gravity theory [33, 34] .
Because of this similarity, many scholars have attempted to apply the formula of universal gravitation to the measurement of a city's gravity:
where denotes the quantity of spatial flows. and are the GDP (Gross Domestic Product) of a city; is the distance between two cities; , 1 , 2 , 3 are constants. To describe the scale and development degree of a city more scientifically, some scholars have also considered the population and area of a city when constructing the model [35, 36] .
However, cities are not the same as ordinary objects. The economic impact of city i on city j is not equal to the economic impact of city j on city i, and the contributions of the two cities to the economic gravity are also different. Consequently, we defined the constant as the ratio of GDP in city i to the GDP in city i and city j, and the modified gravity model is thus obtained:
where and are the registered population in city i and city j; and are the GDP in city i and city j; 2 is the distance between city i and city j; is the contribution rate from city i to city j. If the city is at a prefecture level or above, the statistical data do not include the counties under the jurisdiction of that city.
First, We calculated the of all the cities in the HRB based on (3) and showed the result as a matrix. Then, urban system network structure of the HRB was calculated and analyzed using Ucinet Platform.
Whole Network Analysis
2.2.1. Density. Network Density refers to the closeness degree among the network members: the closer the members, the higher the density of the network. For a binary network, its density is the ratio of the number of actual relationships in the network to the theoretical maximum number of relationships, whereas for a multivalued network, such as the network analyzed in this paper, its density is the average of all contact values except self-contact:
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Degree Centrality and Centralization Measurement.
Degree centrality analysis is used to explore how central the members are in the network: the higher the degree centrality, the more important the member in the network [37] . Generally, degree centrality includes the absolute value and the standard value, the latter of which is used to compare between different network; thus, we use the absolute value of degree centrality in this analysis [38, 39] .
Because what we construct is a directed network, each node has an out-degree and an in-degree, which represent the extent of a city's influence on other cities and the extent to which a city is affected by other cities, respectively:
where C is the degree centrality of city i and is the economic impact of city i on city j.
Centralization is used to describe the overall centrality of a network; namely, it compares the highest degree of centrality in the network with the other members' centrality:
where C is the highest degree of centrality of all cities in the agglomeration and C is the degree centrality of city i [40] .
Measurement of Subgroups.
A subgroup refers to a number of closely related members in a network. This analysis is usually used to study the number of subgroups in the network, the relation of the internal members of a subgroup, and the relation among the subgroups. It is not conducive to the network development if there are many distantly related subgroups [41] .
In this paper, we used the CONvergence of iterated CORrelations (CONCOR) algorithm to analyze the network:
where I ( I ) is the value in row i (j) of the matrix and I ( I ) is the value in column i (j) of the matrix. At the initial level of analysis, CONCOR calculates using the above equation until all values converge to either 1 or −1, resulting in all nodes being grouped into one of two categories [33] .
Structural Equivalence Measurement.
Structural equivalence means that if two members in a network swap their positions, the network structure will not change:
Certainly, it is very difficult to find fully structural equivalence between two members in a network. This measurement can be used to develop a general analysis of the network structure to better understand the similarities among the members.
Data Source and Processing
Study Area.
Historically, the HRB has experienced several changes, and this has led to a variety of versions of HRB cities. In this paper, to make the study area more scientific and standard, we use the "HRB and Shandong Peninsula map" provided by the Huaihe River Water Resource Network, and the research area is defined according to the basin boundary.
According to the latest administrative plan in 2016, the HRB covers 1 provincial city, 27 prefecture-level cities, and 139 county-level cities (Figure 1 ).
Data Source.
In this paper, the collected data include the registered population and GDP of the cities in the study area in the years of 2006, 2010, and 2014, and data of the cities at the prefecture level or above do not include the counties under the jurisdiction of that city.
The main sources of data are statistical yearbook of provinces, the national economic and social development statistical bulletin of counties, and the government work report. Because we use the latest administrative plan in 2016, if there were previously county-level cities that then became a district of a prefecture-level city, the data on the county-level city are counted as a part of the prefecture-level city. Figure 2 gave the process of the whole network analysis. First, We collected population, GDP, and administrative division data of the cities in the study area. Then, we used ArcGIS 10.0 software to calculate the distance between cities. Third, we introduced data of the registered population, GDP, and distance used in formula (3) to calculate the value of economic contact between cities and then convert the result into the form of a matrix. At last, urban system network structure of the HRB was calculated and analyzed using Ucinet Platform. Table 1 shows the details about the density analysis result of the HRB urban network. We can find that the density of the urban network grew rapidly; this is mainly because in this period, with the rapid development of the economy, the economic contact between the cities of the HRB greatly increased. Meanwhile, the growth rate of the standard deviation was far greater than that of the average value, which shows that the economic difference between cities was increasing, and the increase in economic contact value was mainly in the large cities. The unbalanced development of the city economy in the whole HRB had an intensifying trend. If the density of each year has critical value equal to 1, double the density has critical value equal to 2, etc. The statistical results of the number of cities above the critical value are shown in Table 2 and the urban network structure when the critical value is 5 in 2014 is shown in Figures 3 and  4 . It can be seen that the county-level cities were likely to have strong economic contact only when they were fairly close, and high economic impacts produced by cities at the prefecture level or above raised the whole network density. Figures 3 and 4 show the general structure of urban economic linkage intensity in HRB. Overall, only in the HRB urban network, compared with other parts, the economic contact intensity of southwest cities was weak; even prefecture-level cities could not easily produce strong economic influence.
Missing Data and Processing
The Process of Whole Network Analysis.
Whole Network Analysis of the HRB Cities
Whole Network Density.
Degree Centrality and Centralization Measurement.
Details of the analysis result of degree centrality can be seen in Figure 5 which shows the degree centrality analysis result of the HRB cities in 2014. Through calculation, the average in-degree (out-degree) is 180.8; hence, we used the average, 1.5 times the average, and 2 times the average to partition the data classification.
The analysis results show the following:
(1) Cities with high out-degree values were mainly concentrated near the province junction (Jining-ZaozhuangXuzhou-Huaibei) and part of Henan Province (ZhengzhouLuohe-Xuchang), whereas the southwest and south of the HRB were small in number. The distribution of the cities with high in-degree value was similar to that of high out-degree cities but larger in number. From the perspective of color depth distribution, we can find that cities' in-degree values were closer to the average.
(2) The highest out-degree cities were Xuzhou, Zhengzhou, and Huaibei, which shows that these three were relatively economically developed cities in the HRB. Among these three cities, the in-degree and out-degree centrality values of Xuzhou and Zhengzhou were similar: the out-degree values were very high, whereas the in-degree values were only approximately 1/6 of the out-degree. This shows that although these two cities had great economic power, their economic radiations with the surrounding cities were limited, and they did not establish economic contact actively. In contrast to the above two cities, the values of out-degree and in-degree of Huaibei were relatively close, which reflects the fact that Huaibei had stronger economic contact with neighboring cities (Table 3) .
(3) Because of the difference in the economic aggregate, generally, a prefecture-level city's out-degree is greater that its in-degree, whereas the county-level cities are the opposite. There were special circumstances in 2006. The main reason for this phenomenon was that the two prefecturelevel cities' urban areas were smaller with lower population, resulting in reduced economic influence compared with the surrounding counties. However, there was a difference in the two prefecture-level cities' development after 2006: the out-degree of Xuchang rose after 2006, and Xuchangxian's out-degree became less than its in-degree, which shows that Xuchang transferred some core industries to the city center and enhanced its economic influence. However, Zhoukou maintained its original development policy, and there were few changes in the contrast of out-degree and in-degree (Table 4) .
Through the comparison of the out-degree centralization and in-degree centralization of the HRB urban network, it can be found that both out-degree and in-degree centralization are small, which indicates that the whole centrality of the urban network was low (the difference in out-degree and in-degree between cities is little), and the network structure was loose. This also shows that there were few core cities 6 Discrete Dynamics in Nature and Society that could promote the whole urban network's economic development in the HRB. The out-degree centralization from 2006 to 2010 was in decline. The reason may be that some large cities drove the development of the small cities around in the economy, thus bridging the gap of out-degree between cities. Meanwhile, the in-degree centralization slightly increased, which illustrates that the economic development appeared only in some cities, and the urban network lacked core cities such that the economic radiation range of the developed cities was low. From 2010 to 2014, both the out-degree and the in-degree centralization rose slightly. The potential reason may be that central cities strengthened ties with each other, causing economic mutual promotion; at the same time, some small cities introduced external resources actively to develop the economy and opened the gap with other small cities ( Table 5 ).
Measurement of Subgroups.
Through the subgroup analysis with the CONCOR algorithm, we obtained the result of 8 subgroups (based on 3-plex). Figure 6 shows the analysis result of the subgroups in 2014.
It is shown in Figure 6 that, in 2014, the subgroups of the HRB include Subgroup 1 (center: Zhoukou-ZhumadianXinyang), Subgroup 2 (center: Bozhou-Fuyang-Lu'an), Subgroup 3 (center: Zhengzhou-Pingdingshan-XuchangLuohe), Subgroup 4 (center: Kaifeng-Shangqiu-Heze), Subgroup 5 (center: Jining-Xuzhou-Huaibei-Suzhou), Subgroup 6 (center: Rizhao-Linyi-Zaozhuang), Subgroup 7 (center: Taizhou-Yangzhou-Huaian-Lianyungang), and Subgroup 8 (center: Suqian-Bengbu -Huainan). (In Figure 6 , Roman numbers in brackets I, II, III, and IV represent the analysis result based on 2-plex, and Arabic numerals 1 to 8 represent the analysis result based on 3-plex; we mainly use the latter.)
During the study period, there were few changes of the subgroup structures. The subgroup structure in 2010 and that in 2014 were exactly the same, and in 2006, there was only one difference from the other two years; Shouxian (under the jurisdiction of Lu'an in Anhui Province) belonged to Subgroup 8, but in 2010 and 2014, it belonged to Subgroup 2. This shows that the industrial structure of the HRB did not change significantly.
The formation of subgroups was mainly related to the distance, not only membership in the same province. Most subgroups in the urban network crossed 2 or 3 provinces, and this shows low relevance of the cities in the same province.
From 2006 to 2014, the density of all subgroups had an upward trend (see Tables 6, 7 , and 8 for details). In the three tables, the numbers in bold and underlined indicate that the subgroup density is greater than the whole network density, indicating that the links between the two subgroups are relatively close. It can be seen that, during the study period, the links within each subgroup were closely related, but links between subgroups were loose. In 2006, only three densities of the links between subgroups are greater than the network density. This situation improved after 2006: the number of the closely related subgroups grew gradually, showing that subgroups were establishing economic contact initiatively.
As shown in Table 6 , the strongest link within a subgroup in 2006 is in Subgroup 5, and according to the data of 2010 and 2014, we can find that this strong economic tie continued. The analysis result shows that Subgroup 5 did not only have close internal ties but had a strong economic impact on Subgroup 4; meanwhile, it had mutual economic influence on Subgroup 6. In 2006, the subgroups with the weakest internal links were Subgroup 1 and Subgroup 2 which are located in the southwest of the HRB. Table 6 shows that despite the two subgroups' weak self-contact, they developed in a very isolated way in the urban network, and this situation was not improved until 2014.
Although subgroup 3 was in close contact with itself and had good economic development in 2006, it did not have any significant economic relationship with any other subgroups. However, we can see from Table 7 that, in 2010, Subgroup 3 had an obvious economic influence on Subgroup 4. This might be because, from 2006 to 2010, Zhengzhou, the provincial capital of Henan Province, developed rapidly and enhanced its economic radiation capacity, resulting in more close ties with other cities in Henan Province. During this period, contact between Subgroup 2 and Subgroup 8 also enhanced, but such economic contact weakened in 2014; the reason for this may be that there were few high-out-degreevalue cities in Subgroup 2 and Subgroup 8, rendering the two subgroups unable to establish frequent economic exchanges due to the lack of central cities.
From 2010 to 2014, Subgroup 7's economic influence improved and had an important impact on the adjacent two subgroups (Subgroup 6 and Subgroup 8). Overall, until 2014, in addition to Subgroup 1 and Subgroup 2, the other subgroups essentially established a link with one or two subgroups. However, except for the strong mutual influence between Subgroup 6 and Subgroup 5, most links were one-way, which was not conducive to the development of the entire urban network.
To better integrate Subgroup 1 and Subgroup 2 into the urban network of the HRB, the economic contact between the two subgroups should be strengthened; meanwhile, there should be other subgroups with economic impact on the two subgroups. It can be found in Table 8 that both Subgroup 3 to Subgroup 1 and Subgroup 8 to Subgroup 2 had strong development potential.
To promote the economic integration of the HRB, each subgroup should first positively develop its own economic integration and strengthen its internal economic contact; on this basis, economic exchanges and economic cooperation should be strengthened among subgroups.
Structural Equivalence Measurement.
In this paper, we used correlation to analyze the structural equivalence of the HRB cities. We chose 90% as the selection criterion, and the analysis results can be seen in Table 9 . We can find that there were few differences in the cities with structural similarities from 2006 to 2014, with only the addition of one group in 2014.
Urban spatial structure, a type of economic contact, along with the industrial structure, influences the economic development of the urban network; thus, the economic structure can reflect the situation of industrial structure to some extent. Therefore, the higher the similarity of the urban spatial structure, the greater the possibility of their industrial structure convergence. However, for a region's economic development, it is not suitable to have many cities with similar industrial structures because this is not conducive to product differentiation and complementarity, thus affecting the strength of the city's economic exchanges and cooperation (there are more frequent exchanges between cities with complementary products). This is called structural waste of the same type and is disadvantageous to regional economic integration.
The structural equivalence cities shown in Table 9 can be divided into three cases: county and its prefecture-level city, both counties belonging to the same prefecture-level cities, and adjacent cities. The reason for the former two may be that a prefecture-level city transferred part of its industry to the county, and the development direction of the county is generally determined by the prefecture-level city to which it belongs. The reason for the last one may be that the adjacent counties all had resource-based economies (i.e., mineral resources) or were placed in the same direction after mutual learning.
Structural equivalence cities were mainly concentrated in the Henan and Anhui Provinces, reflecting the urban planning problems of the two provinces. This may also be one of the main reasons for the weak internal relations of Subgroup 1 and Subgroup 2 (the other reason is that there were no cities with great economic influence in the two subgroups).
For the economic development of the whole HRB, the level of structural equivalence of the HRB cities should be reduced to strengthen the economic cooperation and communication between the cities.
Discussion
Urban System Network Analysis.
With passage of time and city expansion, the exchange of material, energy, and information among cities is inevitable. And this exchange promoted the evolution of urban system. As the urban system is a self-organized system, changes in spatial patterns will normally be regular and gradual. We believe that this change is similar to network change and developed the urban system network analysis method for urban system evolution. We modified gravity model, which is used to construct the urban system network, and established a system for the study Discrete Dynamics in Nature and Society 9 of urban system spatial pattern. We then proposed the whole network analysis method to analyze the network structure of urban system and the relationship among cities. Finally, the data of the HRB cities location, scale, and economic level were used to explore the process of urban system evolution. The urban spatial pattern can be expressed by the urban system network, and the urban system development is dependent on the growth of urban scale. The urban system network can help explain the pattern and evolution of urban system. Urban scale growth is the driving force for the urban system development, and its spatial development depends on the links between the cities, that is, the pathways for energy, material, and information exchange. In the development process of regional cities, the connection between cities is determined by the gravitation factor. By evaluating all the city connections within a given region, an overall spatial connection can be established. Urban system network which represents the urban spatial structure can be established. Comparing the urban system network of various times allows the evolution of the urban system spatial pattern to be explored. The urban system network is a new perspective to help illustrate the urban system spatial patterns and the evolution mechanisms.
We have successfully constructed the urban system network for the urban system in the Huai River Basin using the relevant data in 2006, 2010, and 2014. We were able to explain the spatial pattern and probable evolution mechanism of the HRB urban system. This study also provided an answer for the three questions mentioned above concerning the urban system spatial structure and the evolution mechanism of the spatial pattern.
The urban system network expresses the material, energy, and information exchange among cities in a simple visual manner, making it possible that the urban system structure and the spatial relationship between cities are understood intuitively. On this basis we can conduct urban fractal analysis, city statistical analysis, and research on the urban development mechanism and state evolution.
The Cities of the HRB.
According to all analysis results, we can find that the urban network structure of the HRB was not close and the economic integration level was not high. During the study period, the whole network density increased, indicating the gradual growing of the economic links between cities; however, the increase in the standard deviation of the whole network density also shows that the development differences of the HRB network were expanding. Degree centrality analysis determined the cities with high out-degree values (i.e., Xuzhou and Zhengzhou); their in-degree values were far less than their out-degree values, indicating that they did not promote the integrated development of the surrounding cities. Both in-degree and out-degree centralization were low from 2006 to 2014, showing that there were few core cities in the HRB. There were 8 subgroups in the HRB, each of which had a tight internal economic tie, but the relationships among the subgroups still needed to be strengthened.
Overall, there was no obvious trend of economic integration in the HRB. Some subgroups were still isolated in the urban system network, and although the other subgroups were actively establishing connections, these connections were mostly one-way and could not spread across the network. There were a number of cities with structural equivalence, and the number was growing; high industrial overlap existed between cities, and there was no formation of industrial differences and complementarity. There were no central cities in the southwest of HRB; the economic influence of the relatively developed cities could not reach the southwest. Therefore, we have reached a similar conclusion: the central city of the HRB is still in the primary stage of evolution and the urban system has not yet formed a close network structure.
Based on the above analysis, in order to form a close urban system of the HRB more quickly and achieve economic integration at an early date, the following points are put forward:
First, the establishment of core cities can promote the overall development of the HRB. Xuzhou, which is located in the center of the HRB and had highest out-degree value, could be chosen to be the core city; there were also several cities in the city circle. Measures can be taken such as reducing the trans-provincial and trans-city transaction costs to actively promote the development of the surrounding cities.
Second, establish a regional core city in the southwestern part of HRB. This can strengthen the cities economic exchanges in the southwest of HRB and allow the southwest to claim this city as the center to establish economic cooperation with other parts of the HRB; this could also prevent the southwest region from being isolated from the rest of the HRB development.
Third, expand the economic influence of the cities near the border of the southwest in the HRB. From subgroup analysis, we could find that the greatest impacts on the southwest region (Subgroup 1 and Subgroup 2) were Subgroup 3 and Subgroup 8. To enhance this influence, methods can be implemented such as strengthening the economic influence of Luohe and Huainan so that the connection between subgroups will grow and thus increase the strength of the urban network in the HRB. The economic impact of Huaibei could also be strengthened, letting Huaibei become the economic radiation window for northeast to southwest HRB.
Fourth, we should also pay attention to the differential development when focusing on the economy. A qualified core city should not only play an active role in economic development but also drive the differential industrial development of surrounding cities to avoid vicious competition. At this point, cities could develop new industries, such as the service industry or tourism.
Uncertainty Analysis and Improvement.
Alternatively, we can directly use the night light data [42] to describe the urban scale; the night light data can reflect the spatial geographic information and intensity change procession, which can reflect the urban area, population, GDP, and other perspectives of the city scale [43] . We can also use the average time between two cities (taking the train or the highway) instead of considering the two cities by the straight line distance analysis. However, because our analysis was based on the county-level cities, there were limitations on the data.
If we have enough data, we could also add geodesic distance analysis and the measurement of betweenness centrality; the former studies the traffic development level and the urban network connection strength, and the latter can research the ability of a central city to control other cities using a particular form of diagrammatic sociospatial knowledge [39] .
Conclusions
The urban system network and the model of gravitation to urban system spatial growth were proposed in this study, and urban system in the HRB was constructed with the method to analyze the evolution mechanism of urban system. We come to the following conclusions:
(1) The spatial structure of urban system can be expressed by the network. The urban system network spatial extension direction is determined by the gravitation of urban system spatial growth, and the spatial growth process of urban system network reveals the evolution mechanism of urban system.
(2) Urban system in the HRB has experienced slow development with uneven temporal and spatial distribution. During the period from 2006 to 2014, the economic contact between cities in the HRB was strengthened, but the differences in intercity development were expanding; cites in the HRB have not yet formed a close network structure, and the trend of economic integration has not been found. We propose to replan the sustainable development of urban system in the HRB.
(3) The urban system network explains the evolution mechanism of the urban system, and the empirical research confirms this method. Because of its operability and visual expression, this method has broad application prospect for further study of urban system.
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